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The variationof intercoolingrequlramentswith altltk is
discussedand the cmrrqspandingeffectson intercoolerdesignare
shown. A discussionis also givenof the relationsamongthe
varlowidesignmeters and of the rangesof choice in .desigu.
The Importanteffectsof the variousfactorson intercoolerp3m-
portionsare illustratedwith chartsfor the Harrisonooner cross-
flow Intercooler.

1

INTRODUCTION

Analwls of Interoooler.dasi~ for hl@-altltudeoperation
in~lves not only ooaslderationof the altitudeeffectsdiscussed
ti the otherpapersof this series(references1 to 5) but also
consi@?ation of the fact thatthe heat-dlssl~tion requirement
itself,unlikethatof the other cmllng elements,increaseswith
altitude. The purposeof thispaperis to discussthisvariation
of the Intercoollngrequlrqments@tb altitudeand to showthe
corrempondlngeffeotaon Intercoolerdesign. Memmuch as con-
siderablelatitudeexistsIn Intercoolerdesign,the dlscussia of
the altitudeeffeothas bees supplementedwith a dlsoussim of the
Interrelationshipscd the designparameters.Scaneremarkscon-
cerningInterooolertypesand constrwtlonhave also b- included.

Tho discussionhag been Illustratedvitb a numberof charts
for the Egmrlsonoopper cwoss-flow interooolers,calcnzlated
accordingto the theory@ methodsof referenoe6. Dlasmuohas
tbe chartsare mslnlyIllust.ntive,no effortwas made In their
calculationto take Intoaccoiiitthe temperatureand compressi-
bilityeffectson the pressuredrop. The resultingerrorwill

. . ... .
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USWJIY be relatlvel~smallfor altitudeaup to 40,000feet beoause
at the relativelylow aimpeeda throughIntermolera.
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lengthof oool~-dir passage,Inohes

lengthof enginedarg&al”r passage,inohea

no-flowlengthof Interoooler,inohes

weightmte of flow of ooollngair

weightzute of flow of engine ohargeair

euperohargerIntaketotalpreaaure,poundeper square foot

superchargerdlschargetotalpressure,poundsper square foot

oooling-airpressuredrop throughIntercooler

engineoharge-alr~essure drop throughInteroooler

temperatureof free stream, % absolute

tempemture of ooolingair enteringInterooolerand alsoof
engineair enteringauperohazger,~ absolute

Wnpemture of enginechargeair at superchargeroutlet,
% absolute “

t~rature requiredof ewine -e air at carburetor,
‘~ absolute

velocityin free stream,feet per seoond

adlabatioefficiencyof supezmharger

ratioof temperaturedrop of engine oharge
difference betweenenginecha~e air and

entmanoeto Interoooler
(%+)

.

air to tempemture
coolingair at their
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The p~ormance rbqulredof an Interoooleris defindlby the
effectiveiiess~, w~i~-’.1s~therratio.ofthe temperaturedrop of
the ohargealr to the.,tmprature differencebetweenthe ohargeair
and the oool.& air at theirentranoe to the oooler:

. . . . . . . ..
..’” .. .. . ‘ b=’-”” “ ““” (1).. ., ., .... .. . .. ... .

,. The, ~op$$~-air,.tmmature T2 as e~lainea in rst’ersmoe3
Is the stagnationtemperaturegiv6nby : .

, .. .. .“. .
Voz . . .... .

,. () (2)“Tlu To +.0.832 ~
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in whichthe eubsorlpt

The t~erature of
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0 dendtesfree-streamcondltlone.

the superoliargerdlsqe T2 is

[()P2
0.286

<
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Tm = T, +
G

‘L %a

The outlet-airtemperaturesas ccmputed

11
from

(3)

equation(3) for
a typloal.superchargerinstall.qtionare shownplott&d~inet alti-
tude“in.fIgure1. In obtalnlngtlieadiabatiotemperatureriseused
.In.oonatruotlngfI&ure1, the hi@-speed performanoe6f 8 typloal
pursuit“airplaneas givenby tableI of’refomnce 3 was ammmed.
CurYSsshowingthe tempamturesthatwouldoocurwith 100-peroent
adlabatic effioienoyhavebeenad@d for comparison.Theseourves
showthat,for fllghtat 500miles“perhour In &my air at
40,000feet,the dlaohargefroma superchargerof 100-peroant
adlabatlceffloiencywouldbe 1120F hl@er than a specifiedcar-
buretortemperature.@ 10QOF and that the dlsohargetemperature
fzum a sup&oha&er of 65-peroentadlabatio efficiency is even
Mgher by another1.3001’.

The effectivenessre4ulredcd?”an Interoooleris derivedfran
equatiq (1), (2),* (3),as .. , ., .
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and la shownin figure2 for a wide mnge of altitudesand tme
airspeedsfor flightIn Army alr witha superoh=gereffioienoyof
0,65and a carburetor-airtempe=tureof 1000F.

Valuesof the reqtiredIntercoolereffeotIveness,obtained
from f Igure 2, are shownIn figure3 plottedagainstaltitudefor
both hi@-speed and ollmblngfll@ of the typloalpursuita~lane
of referenoe 3. The erWme flatnessof theseeffectivenessourves
for both high-speedmad olimbi% flight is Oharacterlstto of turbo-
superoharglngwith itE oontInuouslyvariablesuperchargerspeeds.
Gear-drivensuperoharGsrsmplqlng the throttlemethodof control
requireinterooolersof highereffectivenessthan thoseadequate
for variable-speedauperohargers,exoeptat the oritioalaltit-.

Valueati interooolerd’fectivaneaamy be readilyoorrected
for ohangesIn supercharger efficiencyby a relation derlveclfrom
equation(4). For any givenset of oandltio.wof tampemtureand
gmssure the relation

where ~‘ is the new

Is

(5)

valueof Intercoolereffectivenesscorre-
spndl~ to a new value& adiabatloeffIcienoy qti’. This rela-
tionmy be transposedas followsfor greateroonvenienoe:

g’=l -(l-&$

INTIWOO~ - AND CONSZ!RNX!ION

The typeof IntercoolerIn generalwe Is the

(6)

cross-flowt~,
in whichthe cool- air ~ the dmrge air flow In pamllel planes
at rightanglesto eaoh other. The fundamentallybest typeof heat
exchanger, however, is the oounterflowtype,In which the two flows
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Planesbut fi o=site” direotim. A
qCW?EWIS~pf the & type~% heat-eehang~$ on the baeisof
requiredheqt-t%ansfertim?faoe’is‘shown“ti“fIgure-4(datafrom ref-
er-. 7)~ Wheret* advantageof the countetilovtype 16 seem to
be ocmsiderablefor the high6rvalues.d. effectiveness~ This the-
oretical advantage,.oonsicered;with the greateradaptabilityand”
~ter. freedom”In.the ohbloeof‘proportionscf the counterl?loy.
intoroooler,may In certati”pases”outwei@ the advantageof sim-
plioity of.cmnbtrudion.of the oross-flow type..The posaibilitles
of the ccunterflcwt#peaccely shouldnot be .overlQ-. - “

In sume c&ss-flow ihtercoolersthe chargeair“fldwsthrbugh
a battery~ tubeh.and”the omllng air flowsover the outsld@~
the tubes. Thk tubes“arecir&lar, elliptical,or fIattened to “
sucha degreeas to constituteeffectivelyparallelplates. In ‘‘
the Harrisont~e of Iutercooler,whichhas been seleotedftn?thla
analysiq,the ohar~eal.r.- the cool~ air are separatedby
~llel plates}hptare spacedad re~orced by metallicribbons
actingas fIns to Increasethe heat-transfersurfaoe.The’cooling-
air s.nd.thooharge-air~s~es are identicalIn crossseoti~ and
differcqly Inlength.“Dlssimllaritybetweenengtiacharge-air
and cooling-alrpqsse&esfmohao is found In othertypesof Intw’-
coolertill modifysomewhatthe basic dlmenslQns @ the uhl~;but
slmilar tre& In the vmxlatIon of dimensions with altItude~
effectiveness,or pressure drop wI1l occur. .

..

!mi H (m ALTITUIMON INTTWOOLER DIMENSIONS .

The effectof designal%itMe on the Intercooler.dlmensions
.1s’Qhoynby f-s 5 and 6 for the warlatlonin effectlven6ss
with altitudeshownin fi~e 3. “I’igure5 is based on cooling-
alr and charge-airpressuredropsof 40 pomds per sqk foot,
whichis believedto be theminimumpracticablevalue,and”fig-’
ure 6 is basedau pressuredropsof 70 poundsper squarefoot,
which Iq,auoutthenmximumusuallyobtainableat the critical
altitudg. GreaterflOW lengthsat low 81tltUb3 are a consequence
of the high @’festivenessreqMred. It 1s normallyconsid~d
_Gti@ to desl~ Intdrcoolersfor this oondltionand scune
reductionin enginepowerat low altitudesis unavoidableon hot
days.

llbp~”20,000feet theflow lengthsrequl.red are al+matlnde-
pen&t of the designaltitude,the plncipal effectbei& an
IncreaseIn no-flowlsngth. For the case demcns~ted, “theno-flow
dimensionincreasesappoxlmatelyvlth the cuberoot of the design
altitude.
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FOR AGI’VENAMZTUI@

Thereare eightinterrelated~@? variablesinvolvedin the
deei~ of Interooolere:engine-airflow,effeotlveness,engine-air
pressuredrop,oooling-airpreasum drop,&olin&air flow,and the
threelineardimensionsof the Intercaoler.For any giventypeof
ooreconstructiononlyfive of thesevariablesoan be independent.
The engine-airflow and the required effectivenessare basicparam-
eters. The engine-and cooling-airpreaauredropsare aeoondary
pet-s in whiti Some.mu’iationis permitted. Of the four
ramining mwiables - the cooling-airflow and the threeInteroooler
dimensions- one may be fixedby practioaldesignoonslderations;
the otherthreeare then determinedfor the given set of valueaof
the firstfour parameters.

The relationshipbetweau”the variablesis Illustratedfor high-
Bpeedflightof the typloalpursuitairplanein Army air at
40,000feet by the curvesof figures7 to 10. The effecton the
dimensionsof the Iatercoolerof -ying the amountof the mol~
air iEIshcnmby the solidlinesof figure7 for a pressuredmp of
40 pounds per squarefoot on each sideof tbe Interoooler. This
figureshowsthe great Inoreaaeof the no-flowdimensionand the
oaparativel.ysmalldeoreasein the lengthof the engine-air and the
oooling-airpassageswith increasingcooling-airflow.

The btikenlinesof figure7 showthe interooolerdimensions
for the easeof a 70-pund-per-square-footpresrmredropfor both
engineair and coolingair. Uhere thesehigherpreeauredropsare
permissible,the reductionin necessaryno-flowlengthof the inter-
cooleris nmked, but the advantage of smallerfrontalarea and
lowerwei&t ao obtainedmust be weighedagainstthe disadvantage
of greatercooling~.

In orderto demonstratemore olearlythan is shownin fig-
ures 5 to 7 the relationof Interooolersizeto designpressure
drop,figures8 and 9 are presented. Thesefiguresshowthe indi-
vidualeffeotsof engine-airand cooling-airpressuredrop. An
inoreasein eitharengine-airor oooling-airdesignpressuredrop
appreciablyreduoos the requiredno-flowlengthwith littleohange
in the othertwo dimensions.

The effeoton the interooolerdimensionsof a ohangein
required effectivenessis ehownin figure10 for pressuredropsof
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40 poundsper sqwwe foot for both engineand ooollngalro Suoha
ohangeIn requiredeffe@ivenessmightbe Imou@tabout,for example,
by a ohangeIn the superoharg&efficiencyor by a ohangein the
mrburetor-air.temperatqre,requirempnts.Thus,an Inoreaaein ~.,._ ..___
f-- the asshmedYSIW’& 0.65to a valueof 0.77wouldreduoethe
requiredInterooolerc&feotiveneaeof 0.705used for figure7 to
0.65,whlohfor a nwm~f low rat$od 2 resultsin deomasing the
interooolervolumefrcm 5.75to 4..10cubicfeet. A deoreasecf
100F In ~e desiredcarburetor-alrteunpemturewould requlrs an
inoreas6 In titeroouler efY?e@ivepess to 0.735,whiohfor the same
nasa-flowratioof 2 wouldiaoreasethe volumeto 6.8 oublcfeet.
AlthoughsomereduotionIn no-flowlengthoccurswith tioreaalng
effectitisk, the volumeoft.the.I@eroooler Increasesbeoaueeof
the Inoreme In both flow lsn@hs. R’rbrnoo-iderationsof airplane
perfoznmnce,interooolersof effeotivmeakgreaterthan75 peroent
are indcpimblb,aa ehuwn In .re$erepqe 8. ~., ..

An extended treatment”~ I&J eubjeotof designvarlableais
Giv& irireference9.

,. . .

coNcLuDmGRIMA.ms
..

The”limitson availablecooling-airpressuredropare eet by
-a~lanb” performance,and one OF mp~ of.the maximumlnteroooler
dimensionsare governedby the spaoe.availablein the airplane.
The ram@nl~ Interooolerdimensionsand the rate of flow & cool-

“In&”air are the~cipal variables-tobe .adJuste&by the designer
h meet- the lntercooll~“requirements.The final choicetill
be a compromisebetweenIntercoolersthat have smallPolume$great
leh@h tn the no-flowdimauslon,@ use largequantitiesof cool-
i@ air,and Intienxmlers,that have.more mnvenlent proportlms,
use lessair, but m excessivelyheavy. ~or the type of core
under disowsion,the best oompromlsewill frequentlybe foundat
a ratioof coolm-air mass flow to engine-airmass flow of about2.

Hi@-altitudedesignproducesa mrked effecton the no-flow
dimensionand the voiumeof alr handled. Yor the type of lnter-
cooleremmlned, the no-flowdimensionat a oonstantpressure@op
and constant mma flow of coollngair variesappro~tely with the
cuberoot of the tisignaltitude. 111general,an Interoooler
designedfor hi~ altit~s will be largerand heavierthan one
selectedfor use onlyat loweraltitudes. At any @van altitude,
however,the ooollng-~r req uirsment of the unitdeS~ for hl&b
altitudewill be lesgthan thatof the unitseleotedfor use at only
low altitudes.

La@ey MemorialAeronauticalLaboratory,
NationalAdvisoryComlttee for Aeronaut10s,

LaugleyField,Va.
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r~ure [ — com~urzzhve supercharger djscharge

femperdke for abchaye pmswre of 2//6
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figure 2, – Jitercoolef effectiveness for Army ali ff~ a func+lon of Jpeed ufld

ulh?ude. Jupercbarger d~hchurge preswre, 21/6 pouodz per sguore foo},.

carburetor +emperaturq /00 “f, Wpercenf recovery of free +reffm” dynunve
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F7gure4.‘Compuris-on of cros5f/ow ond

couff+erf/ow ln+ercoo/lng.

figure J – Var/a}lo< of /nfercw/er A7enslons

withd)%%de forpressure drops of 4Upounds

enyne chffrye ffi

for the h~h-speed
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F@re 6.––Vuriu}in of /i+ercooLerdrnen.sims wIht

&s@nal)%ude tbrpressure drop of 70 pouods

per ~guureihf for bolh eoyhe chr~ alrand

cmhq uzk E/fecf/veness for ihe high-sped

conddin from figure J.

ffgum [‘1 flecfof coo//rig-w flow on mtermokr

&ww&J ibr preswn? drops of d~pwzdpr

qwre fmf und 70 pw.nds per quure A20k

A/.fude, 44000 feet speed 500 miles per

f?ouc t =0 70.5.
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Fjyffre 8. ‘[ffecf of enyjne - ff.fr pressure drop

on jn~ercoo[er dlrnawons. A/Y7)izi<4@Wfee},

ApC,40pouodJ per Jquare foo+,’ (=(270S

figufe9. -z5ffec/ ofcooling-uir pressffre akjp

on Mercoo/er d/rnens/bns. A/h7ud< 4@~Ofeei;

Ape,40poaW$~ersqWrefook (’070S
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